Abstract. Regional and global scale studies of land-surface-atmosphere interactions require the use of observations for calibration and validation. In situ field observations are not representative of the distributed nature of land surface characteristics, and large-scale field experiments are expensive undertakings. In light of these requirements and shortcomings, satellite observations serve our purposes adequately. The use of satellite data in land surface modeling requires developing a hydrological model with a thin upper layer to be compatible with the nature of the satellite observations and that would evaluate the soil moisture and soil temperature of a thin layer close to the surface. This paper outlines the formulation of a thin layer hydrological model for use in simulating the soil moistures and soil temperatures. This thin layer hydrological model is the first step in our attempt to use microwave brightness temperature data for regional soil moisture estimation. The hydrological model presented here has been calibrated using five years (1980- utilization of remotely sensed data is important for the purposes of understanding spatial variability and regional scales and in verifying land surface parameterizations [Wood, 1991] .
Introduction
Surface soil moisture is perhaps the most important indicator of land surface response to atmospheric forcing and provides feedback to the atmosphere. The proper estimation of soil moisture would greatly enhance our understanding of land-surface-atmosphere interactions. Surface soil moisture plays an important role in partitioning rainfall into infiltration and runoff. The land surface evaporation and transpiration depend on the amount of soil moisture available. Together, surface temperature and soil moisture determine the land surface heat and water balance. In large-scale modeling, the soil moisture and temperature are important in deciding the depth of the planetary boundary layer, circulation/wind patterns [Mahfouf et al., 1987; Lanicci et al., 1987; Zhang et al., 1982] and regional water and energy budgets. It is therefore important for improved modeling of these quantities and the use of observational data on scales comparable to the modeling scales. Satellite data are useful in this regard. Research in and hydrological model should predict the surface temperature and soil moisture for a thin upper layer (1 cm).
Most of the hydrological models have an upper layer which corresponds to the root zone depth [Famiglietti et al., 1994a, b; Liang et al., 1994] . This may be anywhere between 5-10 cm and 50 cm. We are specifically interested in the top 1 cm layer. Also, these models do not validate with regard to both soil moisture and soil temperature. An omission in both of these models is the adequate parameterization of moisture gradient driven flux from the lower layer to the upper layer to replenish the soil moisture of the upper layer. This aspect of soil moisture dynamics is very important when modeling the soil column, especially during the morning (0600) overpass of the SSM/I sensor, prior to which the upper layer has been depleted by evaporation during the previous day and is replenished during the nighttime hours when the soil evaporation is low. A thin layer model of soil hydrology with a 1 cm upper layer based on assumptions validated by comparison with a more detailed finite element approach [Mahrt et al., 1984 ] to minimi?e truncation errors is used.
The purpose of this paper is to develop a thin layer hydrological model for water and energy balance that can be used to predict the top 1 cm layer soil moisture and the surface temperature and to understand the processes and the sensitivities of the SSM/I brightness temperatures to vegetation and soil moisture. This is followed by investigations of the effect of heterogeneities in land surface characteristics and rainfall input on simulated brightness temperatures [Lakshmi et al., 1996a] and simulations of regional scale surface soil moistures using the thin layer hydrological model for a period of a year (August 1987 to July 1988) and estimation using SSM/I 19 and 37 GHz brightness temperature data and their comparison [Lakshmi et al., 1996b ]. [Eagleson, 1982; Latchet, 1975] . The aerodynamic resistances for the transfer of moisture and heat follows that of Bmtsaert [1982] . The potential evaporation from bare soil, potential evaporation from the canopy storage, and the potential transpiration of the canopy is computed using ener• balance [Famiglietti et al., 1994a; Lakshmi, 1995] . The actual evaporation from bare soil (E) is controlled by the soil hydraulic properties, conductivity and diffusivity [Mahrt and Pan, 1984 [Neghassi, 1974] . The actual evaporation from the canopy storage depends on the ratio of the amount of moisture in the storage and its capacity and the potential evaporation [Rutter et al., 1975] . The storage capaci• (S in millimeters) is related to leaf area index (L) [Dickinson, 1984; Sellers et al., 1986 ] by S = 0.2L [Dickinson, 1984] . Leaves covered with a film of water (having intercepted water on them) are assumed not to transpire [Rutter et al., 1975] . The exchange of soil moisture between the top layer and the lower layer (q 1,2) is governed by gravity (soil conductivity) and the soil moisture gradient (soil diffusivity). The soil conductivity and diffusivity is computed using the greater of 0• and 02, i.e., where the soil moisture movement originates [Mahrt and Pan, 1984] . The drainage from the lower layer (q2) is the conductivity of the lower layer. The overland runoff (R) is the sum of the infiltration excess and the saturation excess. The infiltration excess is decided by the infiltration capacity dependent on the soil hydraulic properties: conductivity and diffusivity times the soil moisture gradient be•een the surface and the top layer [Mahrt and Pan, 1984] 
Thin layer soil hydrological model

Canopy Radiative Transfer Model
The radiative transfer model for the vegetation canopy is a part of the coupled soil-canopy-atmosphere model used in the brightness temperature simulations as well as in the sensitivity studies examining the role of heterogeneities on brightness temperatures. The canopy radiative transfer model described in this section follows the description of Choudhury et al. [1990] . The land surface hydrological model (described above) computes the soil moisture and surface temperature of a 1 cm layer, which serves as the bottom boundary conditions for the canopy radiative transfer model. The microwave radiation originating from the soil surface is modulated by the overlying vegetation canopy, resulting in the canopy-top brightness temperature values. This canopy-top brightness temperature (microwave radiance) is attenuated by the atmospheric water vapor before it reaches the satellite sensor.
The 
The above differential equation is solved by using the twopoint Gaussian quadrature [Chandrashekar, 1960] 
Atmospheric Attenuation Model
The canopy-top brightness temperatures undergo atmospheric attenuation due to atmospheric oxygen and water vapor before resulting in the at-satellite brightness temperatures (T•(A, •/, p)). The optical thickness is computed on the basis of the total precipitable water vapor in the atmospheric column I/ (in millimeters) [Choudhury, 1993] and is related to the atmospheric transmissivity (r,). The effective radiating temperature of the atmosphere is related to the air temperature T, and the total precipitable water. The total precipitable water and the effective radiating temperature are used to compute the sky temperature Tsky , which serv•es as the upper boundary 
T, =• [T,(A, 3,, V)+ T,(A. 3,, H)] (s) AT: T,(A, 3,, l/)-T,(A, 3,, H)
Hydrological Model Testing and Validation
This section describes the application of the thin layer hydrological model on a catchment for simulation of water and energy fluxes. The description of the catchment, the sources of the data, the calibration of the parameters, and the validation of the results using observed data are described below.
Site Description
The purpose of the modeling effort was to carry out a 10 year simulation over the Kings Creek catchment along with valida- 
Data and Parameters
The hourly meteorological data corresponding to Topeka, Kansas, are taken from Earth lnfo's NCDC (National Climate Data Center) Surface Airways data product. The variables used here from that database are air temperature, dew point temperature, air pressure, wind speed, cloud height (defined as the height of the lowest sky cover layer more than one-half opaque), total sky cover, and wind speed. The 10 year (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) 
The incoming longwave radiation is given by •,o-T, 4, where •,
is the clear sky atmospheric emissivity dependent on atmospheric water content [Idso, 1981] given by e, = 0.74 + 0.0049e [Bras, 1990] and e is the vapor pressure in millibars, error for all the 0600 surface temperatures lumped together from all the IFCs is 1.3 K. Figure 10 shows the scatterplot between the observed and the simulated 0600 surface temperatures. The agreement is very good.
Sensitivity of Radiative Transtar to Vegetation and Soil Moisture
The coupled land surface hydrology-canopy radiative transfer model is used to study the sensitivity of the polarization difference index to changes in leaf area index, soil moisture, and vegetation parameters. The vegetation parameters-stem area index and canopy moisture content are chosen for the sensitivity study as they have the most significant effect on the polarization difference index. These sensitivities will help us in understanding the factors that contribute to the polarization difference index observed by the SSM/[.
Effect of ¾egetation Parameters
The effect of the stem area index (7) and the canopy moisture content (rnc) on the range of the polarization difference index zXY (X100 as explained earlier; denoted by DY in all figures), the leaf area index (LAI), and the soil moisture range (between residual and saturation) is shown in Figure 11 The 19 and 37 GHz polarization difference indices have a greater range between the residual and the saturated soil moisture levels, showing greater sensitivity to soil moisture variations. The sensitivi•' of the polarization difference index to the soil moisture is affected by the leaf area index; an increase in leaf area index decreases this sensitivity'; an increase in soil moisture results in increased sensitivity followed by a decrease in sensitivity at high soil moistures. Among the vegetation parameters, the stem area index and the canopy moisture content affect the polarization difference the greatest. An increase in the stem area index and/or the canopy moisture content results in a masking of the polarization difference signal originating at the soil surface. We wish to caution the reader(s) that a straight forward regression type of analysis (between soil moisture and polarization difference index) may not work without due attention to the sensitivities and uncertainties that are studied in this paper. Ignoring these may result in incorrect results.
It is proposed that this model can be used in conjunction with passive microwave satelille data for soil moiqturc estima• tion. The 19 and 37 GHz Special Sensor Microwave hnager (SSM/I) brightness temperature data are proposed to be used for the study. This does not imply that the microwave brightness temperature data are the only way to estimate soil moistures. We would emphasize at this point that the use of satellite data is useful given its spatial and temporal coverage, and it can be used in conjunction with hydrological modeling to achieve better estimates of soil moisture. MicrowaYe satellite data at lower frequency (6.6 GHz) has been used in the past to infer soil moisture [Owe et al., 1992] 
